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Abstract 


Spinel lithium manganese oxide, LiMn,Oy, and its derivatives are prepared by the sol-gel method. The lattice constant of the pure material is 
calculated as 8.23 A. Different transition metal cations of chromium, iron, cobalt, nickel, copper and zinc (0.05 and 0.15 M) are doped in place of 
manganese in the LiMn. O04. X-ray powder diffraction data show that the spinel framework preserved its integrity upon doping. Formation of a single 
phase and the purity of the samples are confirmed by X-ray powder diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR). The 
crystallite size of the samples is calculated by use of the Scherrer formula and is found to be within a range of 43—66 nm. The electrical conductivity 
of the samples is determined over a temperature range of 200-300 K by means of four-point probe method. An increasing trend of conductivity 
with increase in temperature is noted for all the samples. The parent compound LiMn,O, has a conductivity value of 3.47 x 1074 ohm! cm! at 
room temperature. This value increases on doping with the above-mentioned transition metal cations. 
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1. Introduction 


Nanosized materials have attracted much attention in vari- 
ous fields of chemistry and physics during the past two decades 
[1,2]. The interest in nanoscale materials arises from the fact 
that the optical, electrical, mechanical, electronic and chemical 
properties of the materials are a function of their dimensions. In 
this size regime, it is found that as the particle becomes smaller, 
the semiconductor energy levels become more separated from 
each other and the effective band-gap increases [3]. It has been 
shown [4] that nanocrystalline metal oxide semiconductor films 
and electrodes often possess superior charge-transport and/or 
charge-storage characteristics. 

The unique properties of these nanoparticle semiconductors 
have resulted in their potential applications in many areas such as 
microelectronics, photovoltaics, imaging and display technolo- 
gies, sensing devices and thin-film coatings. Lithium manganese 
spinels have been extensively investigated as poitive electrode 
materials for lithium-ion batteries due to their high theoretical 
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energy density, inexpensive material cost, environmental friend- 
liness and good safety [5—8]. The preparation and characteristics 
of nanocrystalline Li,.,Mn2~ ,O4 spinels have been described 
in the recent past [9,10] but their crystallite sizes were located 
within the micrometer scale. A large surface area to volume ratio 
is expected to be found in metallic nanoparticles, which permits 
effective charge-transfer [11] and therefore nanoparticles may 
prove to be good positive electrode (cathode) materials. 

The classical method of synthesis of spinel LiMn204 mate- 
rials via a solid-state reaction using lithium carbonate and 
manganese oxides has been used extensively [12,13], but it 
requires a prolonged heat treatment at relatively high temper- 
atures with repeatedly intermediate grinding. Moreover, this 
method does not provide good control of crystalline growth, 
compositional homogeneity, morphology, and microstructure. 
As a consequence, the final products consist of relatively large 
particles (>l zm) with a broad particle-size distribution. In 
order to overcome these disadvantages, sol-gel [14], xero—gel 
[6], pechini [7,8], freeze-drying [9] and emulsion-drying [10] 
preparative techniques have been developed. These methods 
produce homogenous spinel materials with nanosized particles. 

In the present study, the sol-gel method has been employed 
to prepare nanocrystalline Lij4,Mnz~—,O4 (x=Cr, Fe, Co, Ni, 
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Cu and Zn) compounds. These are annealed in air at two differ- 
ent temperatures, i.e., 873 and 1073 K, in order to examine the 
effect of annealing temperature on crystallinity and particle size. 
The samples are characterized by X-ray powder diffraction for 
analysis of the crystalline phase, particle size and morphology. 
The electrical conductivity is measured by the usual four-point 
probe method [11,12]. 


2. Experimental 


All the materials used in the synthesis were high- 
purity compounds, namely: manganese acetate tetrahydrate 
(Merck, 99.9%), lithium nitrate (Fluka, >98%), nickel acetate 
(Merck, 98%), chromium nitrate (Riedel-Dehaen, 99%), iron 
nitrate-9H2O (Pantrreac, 98%), zinc acetate (Fluka, 99%), cobalt 
acetate (Fluka, 98%), ethylene glycol (BDH, 99%) and methanol 
(Riedel-Dehaen, 99.8%). The compounds were used as supplied. 

The sol-gel method was employed for the preparation of 
the samples in which 4.569g of LiNO3 and 24.509¢ of 
Mn(CH3COO),-4H20 were dissolved in a solution of 12 ml of 
ethylene glycol and 36 ml of methanol, i.e., in a volumetric ratio 
of 1:3. The resulting mixture was refluxed at 353 K for 12 h. The 
solvent was evaporated at 393 K, using a hot plate with a mag- 
netic stirrer, until the formation of a gel. This was converted to 
a powder that was then annealed in a temperature programmed 
tube furnace at 1073 K at a heating rate of 5°C per min and a 
cooling rate of 5 °C per min. All other samples were prepared via 
same procedure, except that a stoichiometric amount of dopants 
was included at the initial stage. The nitrates or acetates of Cr, 
Fe, Co, Ni, Cu and Zn as dopants were used as precursors and 
two different concentrations (0.05 and 0.15 M) of each dopant 
was taken. All samples were annealed at 873 or 1073 K with the 
same heating and cooling rates. 

The phase composition, morphology and particle size of each 
sample was analysed by powder X-ray diffractometry (XRD) 
with a Philips PW 3040 instrument that employed Cu Ka radi- 
ation. Data were collected in the 26 range 5° to 90° with a step 
interval of 0.04° and a counting time of 1 s per step. The lattice 
parameters were determined by the least-squares method using 
several diffraction peaks. The four-point probe method [15] was 
employed to determine the electrical conductivity of the sam- 
ples within a temperature range of 200-300 K using a liquid 
nitrogen cryostat system (Janis Research Model IC-35D LN2) 
in conjunction with a multimeter (Kiethley 2400) that served 
as a constant-current source meter. A second multimeter was 
used to read voltage and a PT100 thermocouple measured the 
temperature with an accuracy of 0.001 K. The accuracy of 
measurement of electrical resistivity was +0.01 Q7! cm7!. 


3. Results and discussions 
3.1. Phase analysis 


The infrared spectra of pure and doped LiMn204 (frequency 
range 4000-400 cm7!) are shown in Figs. 1 and 2. Two main 
absorption bands are observed at 511 and 613 cm~! in both com- 
pounds and are due to the asymmetric stretching modes of MnO6 
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Fig. 1. FTIR spectra of LiM,Mnz~— xO4 annealed at 873 K where M=Cr, Fe, 
Co, Ni, Cu, Zn and x =0.00, 0.05. 


group (absorption due to spinel framework) [16]. The very minor 
absorption peaks at 2310 and 2370 cm7! are believed to repre- 
sent CO7, the bands at 1760 and 1800 cm7! appear to arise form 
the stretching vibration of the C=O bond of CH3COOH, and the 
absorption at 1190 cm7! is associated with the C—O vibration 
of the acetic acid. The stretching vibration of the O—H bond 
appears above 3500-3800cm~! [17]. The absorption bands 
around 1450-1750cm7! and above 3500 cm™! are assigned to 
water absorption. It is noted that only the samples annealed at 
873 K (Fig. 1) exhibit CO2 vibration (peak at 2336 cm7!) and 
water absorption (peak above 3500cm7!). Whereas, the sam- 
ples annealed at 1073 K do not display either of these absorption 
peaks (Fig. 2). Also, no absorption bands at 2310-2370 cm7!, 
1190 cm7!, or above 3500 cm! are observed in any of the sam- 
ples. This clearly demonstrates that no unreacted precursor, i.e., 
nitrates and acetates, used in the preparation of LiMn20Oy4 and its 
derivatives are present in the final materials produced at 1073 K. 

Fig. 3(a) shows the XRD pattern of LiMn20;4 synthesized 
by the sol-gel method. Very sharp and high intensity peaks with 
hkl value of (1 1 1), (3.11), (222), (400), (33 1), (5 11), (440) 
and (531) are present and correspond to the cubic phase of 
LiMn204 (JCPDS 35-782). Figs. 3 and 4 show the XRD pat- 
terns of LiM,Mn2 — x04, where M=Cr, Fe, Co, Ni, Cu and Zn, 
annealed at 873 and 1073 K, respectively. No sign of impurity 
phases is observed and all the peaks are indexed to the cubic 
spinel (JCPDS 35-782) of the space group Fd3m. Thus, a single 
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Fig. 2. FTIR spectra of LiM,Mnp2 — ,O4 annealed at 1073 K where M=Cr, Fe, 
Co, Ni, Cu, Zn and x =0.00, 0.05. 
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Fig. 3. XRD pattern of: (a) LiMn20O4, (b) LiCroosMnj.95O04, 
LiFeo.os5Mnj.9504, (d) LiCooosMni9504, (e) LiNio.osMn1.9504, 
LiCup.95Mn 9504, (g) LiZno.os Mn; 9504 annealed at 873 K. 
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Fig. 4. XRD pattern of: (a) LiMn20O4, (b) LiCroosMnj.95O4, 
LiFeo.os5Mnj.9504, (d) LiCooosMni9504, (e) LiNio.osMn1.9504, 
LiCuo.95 Mn 9504, (g) LiZno.os Mn; 9504 annealed at 1073 K. 


(c) 
(f) 


Table 1 

Comparison of crystallite sizes of various samples annealed at 873 and 1073 K 

Samples Crystallite sizes of the Crystallite sizes of the 
samples annealed at samples annealed at 
873 K (nm) 1073 K (nm) 

LiMn 04 31 32 

LiCro.os Mny.9504 52 54 

LiFeo.05Mn1 9504 41 44 

LiCog.95Mny 9504 52 54 

LiNio.o5s Mn1 9504 59 64 

LiCug.05Mn1 9504 52 59 

LiZno.os Mn1.9504 52 59 


phase of spinel LiMn20; has been formed. Peak (1 1 1) appears 
as the strongest peak in all the samples (relative intensity = 100). 
This shows that Li* occupies the tetrahedral (8a) site, and thus, 
the sample is a normal spinel. The absence of peak (220) in 
all the samples ensures the absence of inverse spinel as this 
peak appears only in case of cations in the tetrahedral site [17]. 
Although, the dopants investigated here are of comparable size 
to Mn [18], the shift in peak position is attributed to the effect 
of small differences in the doped cation size. 


3.2. Lattice parameter and cell volume 


The average lattice parameters “a” of the samples are given 
in Table 2. The change in the lattice parameters and the cell 
volumes can be attributed to changes in the ionic radii of the 
doped cations [18]. The increase in lattice parameter in the order 
Ni2* < Co? < Fe?t < Mn?t <Cr3+ < Cu?t < Zn?t, as shown in 
Fig. 5, is in correspondence with the ionic radii of these cations, 
ie., Nit (0.62Å)<Co°™ (0.63 A)<Fe** (0.64A)<Mn*+ 
(0.66 Å)<Cr* (0.69Å)<Cu?™ (0.70Å)<Zn?™ (0.74ÀÅ) 
(Table 1). 

The increase in the lattice parameter and cell volume of the 
LiMn203; spinel unit cell caused by various dopants, i.e., Cr°*, 
Zn?*, is because the radii of Cr?* (0.69 A) and Zn?* (0.74 A) 
are larger than that of Mn** (0.66 A). The lattice constant and 
the cell volume of the Li-Mn-O spinel compound is found to 
decrease with substitution of iron, cobalt and nickel which may 
be due to the smaller sizes of the substituting Fe*+ (0.64 A), 
Ni?* (0.62 A) and Co?* (0.63 A) compared with larger Mn3* ion. 
Also, cobalt ion has a greater binding energy (1067 kJ mol~!) 
in the CoO6 octahedra than the Mn ion in the MnOg¢ octahe- 
dra (946 kJ mol~!) [19]. It is therefore assumed that the Co?+ 
ion substitutes the Mn sites homogenously while retaining the 
Fd3m space group. Similarly, Ni?* is expected to replace Mn** 
in LiNi,Mnz — xO4 material. As manganese exists both as Mn?+ 
and Mn** in LiMn20q, some of the Mn** ions would be expected 
to change into Mn” in order to maintain electroneutrality upon 
doping with Ni?*. Since Mn** has a small size (0.54 A) com- 
pared with Mn** (0.66 A), this factor should be responsible for 
the observed decrease in the cell constant of nickel-doped sam- 
ples. Although Cu?* (0.70 A) has a larger ionic radius than 
that of Mn**, there is a difference of one positive charge in 
case of Cu’* so in order to maintain overall electroneutrality 
more of the Mn*+ would be changed into Mn** upon doping 
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Table 2 


Comparison of average lattice parameter and cell volume of samples annealed at 873 and 1073 K 


Samples Average lattice parameter Average lattice parameter Average cell volume Average cell volume 
“a” (A) at 873 K “a” (A) at 1073 K (A3) at 873 K (Å?) at 1073 K 
LiMn204 8.21 8.23 565 557 
LiCro.os Mn1 9504 8.22 8.24 567 559 
LiFeo.0s Mn1 9504 8.20 8.23 565 557 
LiCoo.0sMnq 9504 8.20 8.22 563 555 
LiNio.os Mn1 9504 8.19 8.21 561 553 
LiCuo.9sMnq 9504 8.23 8.26 571 563 
LiZno.o5sMn1 9504 8.25 8.28 575 567 
with Cu?* and hence the lattice constant is not increased that —m— x=0.05 at 873K 
—e— x=0.05 at 1073K 
much. 8.29 
z EE % 
= 827 i gp 
3.3. Effect of annealing temperature eck a, a9 
5 3244 ge 2 r = « ee 
; E 8234 oe se 
All the samples were annealed at 873 and at 1073 K. In addi- E s22] å af ¢ on 
tion to the peaks corresponding to cubic spinel structure, there 2 aal J 7 Pa a 
appears a minor peak in the samples annealed at 873 K, which 5 21] € 
was identified as Mn203 [20,21] as shown in Fig. 3. On increas- 8.17 EE — 
ing the annealing temperature from 873 to 1073 K, the peak 0.62 0.64 0.66 0.68 0.70 0.72 0.74 


intensity of LiMn QO, is increased while the impurity phase 
Mn203 disappears almost completely (Fig. 4). Lithium man- 
ganese oxide with well-developed crystallinity is obtained by 
annealing at 1073 K for 24h at a heating rate of 5°C per min. 

The variation of crystallite size with annealing temperature 
is evident from the data given in Table 1. The samples annealed 
at 873 K consist of crystallites of small size but with increase in 
annealing temperature from 873 to 1073 K, the crystallite size 
of pure LiMn QO, as well as of samples doped with chromium, 
nickel, copper and zinc increases significantly, perhaps due to 
sintering of smaller particles to form aggregates. The lattice 
constants and the cell volume of LiMn20;4 and its derivatives 
calculated from XRD data are also listed in Table 2. A slight 
increase in the lattice constant for all the samples annealed at 
1073 K indicates that the Mn** content in Li-Mn-O spinel is 
higher at this annealing temperature. This is because the ionic 
radius of Mn‘* (0.54 A) is lower than that of Mn** (0.66 A) and 
Mn* is less stable at higher temperature [22] so the Mn** con- 
tent increases on raising the annealing temperature from 873 to 
1073 K. 


3.4, Electrical conductivity 


The measured value of the electrical conductivity of various 
samples is of the order of 1074 Q7! cm7! at room tempera- 
ture and this falls within the semiconductor range (107!° to 
1074 Q7! cm7!), The LiMn2O, samples exhibit an increase in 
electrical conductivity with increase in temperature, as shown in 
Figs. 6 and 7. A finite amount of energy is necessary to violate 
Anderson’s condition, and thus make an electron move from one 
atom to other [23]. 

The electrical conductivity of LiMn204 is improved with 
increase in the calcination temperature. For instance, the con- 
ductivity of samples annealed at 873 K is 3.20 x 1074 Q7! cm7! 
and of those annealed at 1073K is 4.17 x 1074 Q7! cm7! 


Ionic radius (°A) 


Fig. 5. Lattice paprameter as a function of ionic radii: (a) Ni2*, (b) Co**, (c) 
Fe**, (d) Cr**, (e) Cu** and (f) Zn?*. 


(Table 3). The improvement is due to: (i) the better structural 
ordering that may have taken place at the higher calcination 
temperature of 1073K; (ii) the higher concentration of the 
effective charge carriers i.e., [Mn?+] and [Mn‘**]. The electri- 
cal conduction in LiMn Og, is through a small polaran Mn**, 
i.e., via hopping of electrons between eg orbitals on adjacent 
Mn3*/Mn‘**. Unpaired electrons from the eg orbitals of high 
spin Mn** (d*) hop to neighbouring low spin Mn** (d?) ions. 
Both the eg orbitals of the metal ion lie on the same site so these 
are equivalent in energy and hopping is limited to orbitals of the 
same energy [24]. 

The electrical conductivity of LiMn204 is improved by the 
addition of Cr+, Co*, Ni?*, Cu?* and is decreased by the addi- 
tion of Fe**, Zn2+, as shown in Table 3. LiMn20; is known to 
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Fig. 6. Conductivity pattern of LiM,Mn2 — ,O4 synthesized by sol-gel method 
and annealed at 873 K where x=0.05 and M=Cr, Fe, Co, Ni, Cu and Zn. 
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Fig. 7. Conductivity pattern of LiM,Mn2 — xO4 synthesized by sol-gel method 
and annealed at 1073 K where x=0.05 and M=Cr, Fe, Co, Ni, Cu and Zn. 


Table 3 
Conductivity values of various samples evaluated at room temperature 


Samples Conductivity of the Conductivity of the 
samples annealed at samples annealed at 
873 K (ohm7! cm7! 1073 K (ohm7! cm7! 
x 1074) x 1074) 

LiMn204 3.47 4.17 

LiCro.95 Mn; 9504 4.96 5.17 

LiFeo 9s Mnı 9504 3.27 3.43 

LiCog,95Mny,9504 3.69 4.88 

LiNio.os Mnı 9504 4.45 4.50 

LiCug.o5 Mnj 9504 5.13 5.64 

LiZno.o5s Mn1.9504 2.54 2.95 


be an n-type semiconductor [14]. Cr’* is a d? system with all 
the electrons in the fz, orbital, whereas Mn** is adt system with 
three electrons in the £2 g orbital and one in the eg orbital [25] as 
shown in Fig. 8. Similarly, the electronic configuration of Co7* 
is tg“ and eg” and Ni?* has an electronic configuration of t2 a 
and eg”. Thus, there are two electrons in the eg orbital in case of 
both Co?* and Ni?*. The increase in conductivity is due to the 
formation of ‘holes’ as the d? system of the dopants replaces the 
d* system of Mn++. 

Conductivity decreases for both Fe*+ and Zn?* doped 
LiMn 70, (Table 3), Fet has a d> system with three electrons in 
the fz g orbital and two electrons in the eg orbital. Doping of Fe*+ 
in place of Mn** may have caused a reduction in the number of 
available hopping sites and in the number of hopping electrons, 
which results in a decrease in electrical conductivity for Fe*+ 
doped LiMn 0x4. Similarly, Zn is doped as Zn?* which has a d!° 


High spin (C9) Mn” ion low spin (d°) Mn” ion 


Fig. 8. Electronic arrangements in d orbital of Mn**/Mn**. 


electronic configuration and there are no electrons available for 
hopping as the d orbital is completely filled. Further, some of 
the Mn** changes into Mn** to maintain the electroneutrality of 
the system. As Mn** is a small polaran carrier in this system, a 
decrease in their number will lead to a decrease in conductivity. 


4. Conclusions 


LiMn204 and its derivatives with crystallite sizes of 
36-68 nm can be prepared by the sol-gel method. The crys- 
tallinity, particle size and lattice parameter (a) increase with 
increase in annealing temperature. Results from XRD and FTIR 
analyses reveal the formation of single-phase compounds and 
that the dopants have preserved the cubic crystal structure of 
LiMn204. LiMn2O4 is a semiconductor and its conductivity 
increases with increase in temperature and also with substitution 
of Cr3+, Fe3+, Co2t, Ni2*, Cu2* and Zn?* at the Mn** sites. 
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